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Figure S1. Schematic of different technologies for stretchable electronics. The “rigid island 
approach” consists in the design of stiff regions (Material 1), with Young’s modulus higher than 
the one characterizing the stretchable substrate (Material 2).  The stiff regions can a) be 
deposited on the substrate or b) embedded in it. On the other hand, our manuscript presents the 
design of an engineered substrate, with high-pillar structures, realized by mold-casting of only 
one material. 
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Table S1. Comparison between our manuscript and the references “Stretchable and Conformable 
Oxide Thin-Film Electronics” (by N. Münzenrieder et al., in Advanced Electronic Materials, 1, 3, 
2015) and “Stretchable metal oxide thin film transistors on engineered substrate for electronic 
skin application” (by A.Romeo et al., in Engineering in Medicine and Biology Society (EMBC), 
2015 37th Annual International Conference of the IEEE, 8014-80-17, 2015). The letter ‘x’ 
means that no results have been presented. Although the technologies presented in the three 
papers (transfer of a thin membrane, use of SU8 islands embedded in the stretchable substrate 
and the implementation of high-pillar structures) aim to minimize the strain experienced by the 
oxide electronics, they considerably differ from each other. The novelty of our study is 
represented by the direct fabrication of TFTs and circuits directly on stretchable PDMS substrate 
with standard UV photolithographic processes (allowing resolution down to ≈ 2 µm). Here, the 
elastomeric substrate is characterized by high-relief structures, realized using only one material 
(see Figure S1). 
 
 
 
Our manuscript N.Münzenrieder et al. A. Romeo et al. 
Substrate 
(implemented in the 
fabrication) 
Engineered 
PDMS with  
560 µm thick 
pillars 
1 µm Parylene PDMS 
Process allowing 
stretchability 
Formation of 
high-relief 
structures 
Transfer on a 
prestrained substrate 
SU8 epoxy 
embedded in the 
PDMS 
Stretching limit Adjustable by 
tuning the 
geometry 
Mechanical properties 
of the multilayered 
composite substrate 
Delamination at 
the boundaries 
between SU8 and 
PDMS 
Bending down to 6 mm X X 
Twisting up to  180° X X 
Circuit Logic inverter amplifier, rectifier X 
Other electronics Pectin-based  
temperature 
sensor 
X X 
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Figure S2.  2D simulations of the substrate geometrical features. (a) Schematic of the PDMS 
substrate engineered with the mesa shape. Here, the geometrical parameters, s (pillar-to-pillar 
distance), t (pillars’ height) and h (substrate thickness), are evaluated as function of the strains, 
ɛapplied (strain applied to all the PDMS membrane), ɛpillar (strain experienced on top of the 
pillar) and ɛgap (strain applied in the trench between two pillars). The coupling factor ɳ (equal 
to ɛpillar/ ɛapplied) is shown as function of (b) the substrate thickness h, (c) the pillar spacing s 
and (d) the PDMS membrane thickness t for three different applied strains. The final 
parameters are: w = 5 mm, s = 2.5 mm, h = 800 µm and t = 560 µm (=0.7h).  
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Figure S3. Modulation of the strain distribution. By changing the geometrical parameters 
characterizing our mesa structures (width, height and pillar-to-pillar distance), the strain on 
the pillars’ surfaces can be lowered. A bi-axial 20 % strain (x-y direction) is applied on a final 
substrate characterized by pillar height equal to a) 560 µm and b) 2800 µm. The top view on 
the pillar surface shows the lowering of the strain experienced by the electronics, when the 
pillar height is increased (up to -50% in the central part of the pillar). To highlight the concept, 
the strain bar is the same for both simulations. 
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Figure S4.  Simulated strain distribution under twisting experiments. In the case of (a) a 5-
pillars stripe, clamped on one side (pillar 1) and twisted on the other (pillar 5), the strain 
distribution on the mesa surface (b) is symmetric. For practical use, the electronic devices 
tested under twisting are located in the middle pillars (pillar 2, 3 and 4), where the strain is 
equal to 2.1 %. 
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Figure S5.  Fabrication of the engineered flexible substrate. (a) The Aluminum mold is 
covered with PDMS (thickness equal 800 µm), which is then cured on hotplate. (b) In a 
similar way, a 80 µm thick elastomeric layer is spin coated on a 3”x3” glass. (c) Using the 
PDMS curing agent as adhesion layer, the mold and the glass are bonded together. (d) The Al 
mold is carefully released, leaving the shaped substrate on the glass (acting as carrier support 
for the device fabrication). Due to the rough surface of the Al mold, the pillars’ surface is 
planarized using a 4 µm-thick polyimide layer (see Device fabrication section). 
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Figure S6.  Comparison between Finite Element Analysis and experimental measurements. 
(a) Schematic 2D cross section of the mesa-shaped membrane and (b) optical picture of the 
thin-film resistors fabricated on the pillars’ surface (Ti/Au 10/60 nm) (Scale bar: 5 mm). (c) 
Evolution of the strain on a pillar (left column) (scale bar: 250 µm) and in a trench (right 
column) (scale bar: 500 µm) for different strains, while uniaxial stretching is applied along y-
direction. Here, the high dilation of the trench (distance between one pillar and the other one) 
accommodates the low deformation on the pillar surface. The strain ɛ is calculated as   
 
      
  
 , where L0 and Lf are, respectively, the segment length before and after the dilation. (d) 
Simulated and (e) experimental comparison of the different parameters ɛpillar (strain on the 
pillar), ɛgap (strain in the trench) and ɳ ( equal to ɛpillar / ɛapplied) as function of ɛapplied. 
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Figure S7.  Comparison between metal test structures on different pillar shapes. (a) A PDMS 
membrane (1” x 1”) is mounted on a custom-made biaxial stretching setup (Scale bar: 4 cm). 
Three different pillar shapes are used: (b) squared, (c) hexagonal and (c) round (Scale bar: 1 
cm). For each substrate, the resistors on the central pillar are evaluated, while biaxial 
stretching is applied. (e) The best resistor on the round pillar show stable performance until a 
maximum applied strain of 38%, with a relatively low resistance deviation. On the other hand, 
squared and hexagonal pillars preserve functional devices up to 29 % and 36 %, respectively, 
with higher deviations. 
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Figure S8.  Optimization of the engineered substrate. Test structures, implemented with 
different metals (Ti/Au, Ti, Cr/Au and Cu), are realized on round-shaped pillars (a) (Scale 
bar: 5 mm). Static uniaxial stretching (b) and dynamic stretching (from 0 % to 10 %) (c) 
experiments display a more stable functionality of the Ti/Au layer. In comparison to a flat 
PDMS membrane (d) (PDMS thickness equal to 80 µm) (Scale bar: 5 mm), the reference 
metal structures fabricated on the engineered substrate, yield to mechanical resistances 
twelve-fold higher (38 %, for the mesa-shaped substrate, 3.1 %, for the flat membrane) (e). (f) 
The optimization can be also observed analyzing the number of functional resistors, as 
function of a biaxial strain.    
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Figure S9.  TFT performances under bending condition. (a) In the static experiment, the 
PDMS membrane is placed on a 120 µm-thick double side tape (3M 300 LSE), and bent 
around rods of different radii of curvature. Output characteristic, threshold voltage Vth (black 
square), ION/IOFF (blue square), normalized subthreshold swing SS/SSflat (green square) and 
normalized saturation mobility µ/µflat (red square) for TFTs with W/L = 224 µm/ 8 µm, in 
static bending experiment ((b), (c) and (d), respectively), and in dynamic one ((e), (f), and (g), 
respectively).  
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Figure S10. TFT performances and parameter variations during stretching. In the static 
experiment, the PDMS membrane is uniaxially stretched up to 20 % and then reflattened. The 
output characteristic (a), the threshold voltage Vth (black square) and ION/IOFF (blue square) 
(b) and normalized subthreshold swing SS/SSflat (green square) and normalized saturation 
mobility µ/µflat (red square) (c) for a TFT with  W/L = 280 µm/ 10 µm. For the dynamic test, 
the device is stretched for 1000 cycles to 5% strain. The output characteristic and the 
parameters variations are displayed in (d), (e) and (f). g) Custom-made setup for cyclic 
experiments (Scale bar: 1 cm). 
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Figure S11. TFT performances and parameter variations during twisting. In both experiments, 
static and dynamic, TFTs with the same W/L ratio (equal to 224 µm/ 8µm) are characterized. 
(a) Output characteristic, (b) threshold voltage Vth (black square), ION/IOFF (blue square), (c) 
normalized subthreshold swing SS/SSflat (green square) and normalized saturation mobility 
µ/µflat (red square) for static twisting. Similar plots are displayed in (d), (e) and (f) for 
dynamic tests. Here, the sample is repeatedly twisted from -90° to +90°. 
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Figure S12. Inverter parameter evaluation during stretching. a) Propagation delays (from high 
to low TPD H->L, black square, and from low to high TPD L->H, blue square) and (b) falling/rising 
times (TRISE, black square, TFALL, blue square) for an unipolar inverter stretched uniaxially up 
to 20 % strain. Here, the driver and load TFTs have a W/L equal to 280 µm / 10 µm and 35 
µm / 35 µm, respectively. The stretching is applied perpendicularly to the source-drain current 
direction. 
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Figure S13. Stretchable LED matrix. a) Multiple colors LEDs are mounted on a 9 x 5 pillar 
array, and clamped on a custom made mechanical test setup (Scale bar: 5 mm). The inset 
(Scale bar: 2.5 mm) displays how standard Cu wires are used to interconnect multiple pillars 
and to turn on the LEDs. The membrane is tested under (b) bending condition, down to 6 mm 
bending radii (Scale bar: 5 mm), and (c) stretching condition, up to 11 % (higher strains are 
not possible due to the limit imposed by the setup) (Scale bar: 5 mm).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S14. Measurement setup for temperature sensor and pectin performance. a) Schematic 
and (b) optical picture (Scale bar: 1 cm) of the setup for testing the pectin-based temperature 
sensor. The temperature is activated by a Peltier-Element MS3 and acquired by an IR thermal 
camera. To precisely control the temperature on the Peltier, a PI controller is utilized. c) I-V 
response of the pectin film, coating a PDMS pillar. 
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Figure S15. Approach for interconnection. To guarantee electrical connection between the 
electronics on the pillars and with external rigid circuitry, the engineered substrate can be 
realized with the combination of stretchable and conductive materials. In the schematic, a 
possible solution is presented: the use of PDMS combined with Silver Nanowires (AgNW), a) 
to contact single pillars or b) to make pillar-to-pillar interconnections.   
 
